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Electrodeposited Ni composite coatings containing ceramic particles have been widely investigated
due to their improvedmechanical, wear and corrosion resistant properties over plain nickel coatings.
The application of one of themost widely studied plasma spray powder, Al2O3–13 wt-%TiO2, has not
been explored in electrodeposited nickel composites. In the present study, Ni/Al2O3–13 wt-%TiO2
coatings have been electrodeposited using physically mixed commercial Al2O3 and TiO2 powders.
The microhardness, wear and corrosion resistant properties of the coatings have been investigated.
It was found that the area fraction of particles incorporated in the nickel matrix was very high at lower
current density, and the corresponding composite coating exhibited a maximum microhardness
(,580 HK). Interestingly, corrosion resistance of Ni/Al2O3–13 wt-%TiO2 composite coating was
similar to that reported for Ni/TiO2. The wear behaviour of Ni/Al2O3–13 wt-%TiO2 coating was in
between Ni/Al2O3 and Ni/TiO2 coatings and thus exhibited a synergistic effect of the properties of
Al2O3 and TiO2 powders.
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Introduction
Surface engineering techniques like electroplating, ther-
mal spray, physical vapour deposition, etc., play a key
role in enhancing the mechanical and tribological
properties of various mechanical components used in
various applications.1,2 Electrodeposited metal matrix
coatings are being developed to meet the particular
demands of low friction coefficient and high wear re-
sistance for current advanced technological applications,
such as aerospace, defense, automobile and nuclear
power industries. Electroplating of composite coating
involves the codeposition of metallic, non-metallic or
polymer particles with metal to improve the coating
properties such as corrosion resistance, hardness and
wear performance.3 This method has the advantages like
low cost, low temperature and single step process with-
out additional thermal treatment.3 Numerous nickel
matrix composite coatings have been electrodeposited
from different electrolyte baths containing nano/micro-
metre sized inert particles such as TiO2, SiC, CeO2,
Al2O3, TiC, ZrO2, etc.
4–11
In recent years, many papers have been published on
the properties of electrodeposited Ni/TiO2 and Ni/Al2O3
composite coatings.12–19 Sun and Li reported decreased
wear rate and coefficient of friction for Ni/TiO2 coatings
with increase in titania nanoparticle content.14 Szczygiel
and Kolodziej17 have studied the corrosion resistance of
Ni/Al2O3 coatings in NaCl solution. Feng et al.
18
reported an improved wear resistance for nanos-
tructured Ni/Al2O3 composite coatings deposited under
the influence of an external high magnetic field (8 T).
The synthesis and properties of electrodeposited
Ni/Al2O3 and Ni/TiO2 composites have been widely
studied, and seldom are there any reports on the
synergistic effect of Al2O3 and TiO2 particles on the
properties of nickel composite coating.
Al2O3–13 wt-%TiO2 (AT) is one of the most widely
studied plasma sprayed oxide coating because of its
wear, corrosion and erosion resistance.19 It is used as a
wear resistant coating for machine components and also
to improve the wear, corrosion and erosion resistances
of steels.19,20
The present work is aimed at the preparation of
electrodeposited Ni/AT composite coating and evalu-
ation of its mechanical, wear and corrosion resistant
properties. The obtained properties of Ni/AT composite
coating are compared with the reported wear and cor-
rosion resistant properties of Ni/Al2O3 and Ni/TiO2
coatings.
Experimental
Commercial titania (Sd. Fine Chemicals) and alumina
(Alcoa) powders with average agglomerated particle
sizes of 1?7 and 2 mm respectively were used. Al2O3–
13 wt-%TiO2 (AT) powder was obtained by physically
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mixing 87 g of Al2O3 and 13 g of TiO2 powders in a
roller mill for 2 h without using any grinding media to
ensure proper mixing without any further size reduction.
The above physically mixed powder was characterised
for phase identification using a powder X-ray
diffractometer (XRD) (Bruker D-8 Advance) with Cu
K/ radiation. The morphology of the powders was
determined by field emission scanning electron
microscope (FESEM) (Carl Zeiss). The particle size
distribution of AT powder was measured using a particle
size analyzer (Mastersizer 2000, Malvern instruments)
based on laser diffraction.
Nickel sulphamate plating bath with the following
formulation was used: 300 g L–1 of nickel sulphamate
solution (50 g of nickel per litre), 10 g L–1 of nickel
chloride, 30 g L–1 of boric acid and 0?2 g L–1 of sodium
lauryl sulphate. The Ni–sulphamate plating bath
(* 200 mL) containing physically mixed 20 g of AT
powder corresponding to 100 g L21 (optimised concen-
tration) in a glass beaker was held at room temperature,
and its pH was maintained at 4. A pure nickel sheet
(2?5 cm|12 cm) and a brass substrate of the same
dimension were used as anode and cathode respectively.
A polished brass substrate with an area of 2?5(3?75 cm2
was degreased with acetone followed by cathodic
cleaning, acid dipping and rinsing in distilled water. The
electrolyte bath containing particles was subjected to
magnetic stirring (*600 rev min21) for 15 h before the
deposition process to ensure better dispersion. During
electrodeposition, the particles were also magnetically
stirred at 600 rev min21 using a magnetic stirrer with
variable rpm (Remi, India). The codeposition was car-
ried out using regulated DC power supply (Aplab 7253)
at various current densities: 0?77 A dm–2 for 6 h, 1?55 A
dm–2 for 3 h, 3?1 A dm–2 for 1?5 h and 5?4 A dm–2 for
45 min to get a thickness of *50 mm. The obtained
coatings are hereinafter referred to as Ni/AT.
X-ray diffraction and microstructural studies of
Ni/AT composite coatings
The XRD patterns of plain Ni and Ni/AT composite
coatings electrodeposited at 0?77 A dm–2 were recorded
using XRD (Bruker D-8 Advance). The coatings were
given a copper backup and then held in an epoxy matrix
and subjected to mechanical grinding and polishing with
Al2O3 slurry. The optical micrographs of the cross-sec-
tions of Ni/AT coatings were recorded using a vertical
metallurgical microscope. The area fraction of particles
incorporated in the Ni matrix was calculated from the
cross-sectional optical micrographs using image analysis
software (Videopro 32).
Microhardness, wear and corrosion
studies
The microhardness of Ni and Ni/AT coatings was
measured on 10 different locations on the cross-section
of each coating (Micromet 2103, Buehler, 50 gf load).
The tribological performance of Ni/AT composite
coating electrodeposited at 0?77 A dm–2 for 8 h was
investigated by conducting wear tests on a pin on disc
tribometer (DUCOM, India) under ambient conditions
of temperature and humidity (30 uC, 50% RH) at an
applied load of 9?8 N. Wear experiments were under-
taken for a minimum of three specimens in semicircular
brass pins of radius 6 mm coated with Ni and Ni/AT
coatings. The wear tests were conducted at a wear track
radius of 30 mm and 200 rev min21 (slide speed of
0?628 m s21) to get a constant sliding distance of
4525 m. The disc used was hardened EN 31 steel with a
Vickers hardness of 750 HV. Corrosion behaviour of
electrodeposited Ni and Ni/AT coatings electro-
deposited at 0?77 A dm–2 for 2 h on mild steel coupons
in 3?5 wt-%NaCl solution was conducted using CHI 604
2D electrochemical workstation. More details regarding
the wear and corrosion testing are reported.15,16 The
wear and corrosion results are compared to the reported
Ni/TiO2 and Ni/Al2O3 coatings.
Results and discussion
Powder characterization
Figure 1 shows the powder XRD pattern of AT powder.
From the figure, it is clear that it consists of a mixture of
a-alumina (JCPDS card no. 10-173) and anatase titania
(JCPDS card no. 4-0477) phases. Figure 2 shows the
FESEM image of AT powder. It shows unagglomerated
smaller sized particles. From the particle size distri-
bution, the average agglomerated particle size of AT
powder was found to be 2?4 mm.
X-ray diffraction of Ni/AT coatings
Figure 3 shows the XRD patterns of Ni/AT and Ni
(inset) coatings electrodeposited at 0?77 A dm22.
1 Powder XRD pattern of Al2O3–13 wt-%TiO2 (AT) powder
2 Field emission SEM image of AT powder
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The Ni/AT coating showed the presence of anatase-TiO2
(JCPDS card no. 4-0477) and a-Al2O3 (JCPDS card no.
10-173) peaks along with Ni (JCPDS card no. 4-0850)
peaks. This indicates the incorporation of large number
of particles in the Ni matrix. A large number of theor-
etical models have been proposed by many authors to
explain the codeposition of particles in the metal matrix
composites. According to the model by Celis,21 code-
position takes place in five steps: (i) formation of ionic
cloud around the particles; (ii) mass transfer of particles
by convection to the hydrodynamic layer; (iii) mass
transfer of particles to the cathode surface by diffusion;
(iv) adsorption of free ions and electroactive ions
adsorbed on the particles on the cathode and (v) elec-
troreduction of adsorbed ions accompanied with incor-
poration of particles into the growing metal matrix. The
codeposition of AT particles in Ni matrix can be rep-
resented by the following equation
ðNi2þÞadsðATÞ þ2e
2!Ni=AT composite coating
With the incorporation of AT powder in the Ni matrix,
the nickel peaks became broader, and a change in the
preferred orientation of Ni from (200) to (111) was
noticed. The Ni crystallite sizes calculated from Scherrer
formula for Ni and Ni/AT coatings were respectively 31
and 16 nm. This may be attributed to the propensity of
the particles to preferentially catalyse the reduction in
Hþ leading to the inhibition of nickel crystal growth due
to the reduction and adsorption of protons from the
bulk solution onto the metal surface.22 In addition, the
presence of more particles means that there are more
nucleation sites for Ni electrodeposition, and as a result,
smaller crystals are formed.
Microstructure and microhardness of
Ni/AT composite coating
Figure 4 shows the surface FESEM images of Ni/AT
coating electrodeposited at 0?77 Adm22. An assessment
of the microstructure of the coating surfaces shows that
with the incorporation of Al2O3–TiO2 powder, there was
slight change in the microstructure of the nickel coating;
it exhibited nodular structure decorated with particles.
The microstructure of plain nickel coating (inset of
Fig. 4b) showed irregular pyramidal structure. Energy
dispersive X-ray analysis of the surface of Ni/AT coating
showed Al–16?90 wt-%, Ti(2?07 wt-%, Ni(68?97 wt-%
and O(12?06 wt-%, confirming the incorporation of large
number of alumina and titania particles.
The plots of microhardness versus the current density
for Ni–AT coatings are shown in Fig. 5. From the plots,
it is seen that higher hardness was observed for coating
electrodeposited at lower current density. This may be
attributed to the more rapid deposition of metallic cat-
ions compared to particle incorporation at higher
3 X-ray diffraction patterns of electrodeposited Ni (inset)
and Ni/AT coatings
5 Plots of knoop microhardness versus applied current
density of Ni/AT coatings
4 Field emission SEM images of a,b surface of Ni/AT coat-
ing, and inset of b shows FESEM image of plain Ni coating
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current density. A maximum microhardness of
*590 HK was observed for Ni/AT coating electro-
deposited at 0?77 Adm22. This value is higher than that
reported for Ni/Al2O3 and Ni/ TiO2 coatings.
15,16 The
observed higher hardness of Ni/AT coating is due to the
presence of large number of particles in the coating.
Generally, the mechanisms of strengthening of alloys
and polycrystalline metals can be described as follows:
(i) grain refinement strengthening from Hall–Petch re-
lationship; (ii) dispersion strengthening due to Orowan
mechanism; (iii) solid solution strengthening and (iv)
crystal orientation.23 The cross-sectional image of Ni/
AT coating (Fig. 6) electrodeposited at 0?77 Adm22
exhibited large numbers of particles with an area frac-
tion of 38%. This coating was further analyzed for wear
and corrosion resistant properties.
Wear and corrosion resistant properties
of Ni–AT coatings
The wear data of Ni/AT coating are compared with the
reported wear data of Ni, Ni/Al2O3 and Ni/TiO2 coat-
ings,15,16 and the data are tabulated in Table 1. It can be
seen from the wear data that Ni/AT coating exhibited a
lower coefficient of friction compared to Ni/Al2O3 due to
the presence of softer anatase titania particles. The wear
rate of Ni/AT coating was one order of magnitude lower
thanNi/Al2O3 and one order ofmagnitude higher thanNi/
TiO2 coatings. Lower the wear rate, higher will be the wear
resistance of the coating. Thus, the synergistic effect of
alumina and titania particles with respect to the coefficient
of friction and wear rate of Ni/AT coating.
The potentiodynamic polarization and electro-
chemical impedance spectroscopy (EIS) data of Ni,
Ni/AT and Ni/TiO2 coatings are listed in Table 2. The
Tafel plot of Ni/AT coating is shown in Fig. 7. It shows
smooth curves indicating that the surface is more passive
for corrosion attack. The corrosion current density is an
important parameter used for evaluating the kinetics of
the corrosion reaction as corrosion protection is inver-
sely proportional to the corrosion current density. The
corrosion current density for the Ni/AT coating was
lower than Ni, which indicates superior corrosion re-
sistance of the coating. It is interesting to note that the
potentiodynamic polarization and EIS data matches
very well with that reported for Ni/TiO2 coating elec-
trodeposited under similar conditions and using same
source of particles.16 However, a comparison of the
corrosion data of Ni/AT was not possible with Ni/Al2O3
as the measurements reported in the literature were
carried out with a different instrument.
The simple Randles circuit described as R(QR) (Fig. 8)
was used for fitting the plots obtained for the Ni/AT
6 Cross-sectional optical micrograph of Ni/ATcoating
electrodeposited at 0?77 A dm–2
Table 1 Comparative wear properties of Ni, Ni/Al2O3, Ni/TiO2
and Ni/AT coatings
Coating
Average
coefficient
of
friction
Wear
volume
loss/mm3
Wear
rate/mm3
m–1
Pure Ni 0?789 0?1264 5?59610–5
Ni/AT 0?592 0?0035 1?56610–6
Ni/Al2O3 0?764 0?0799 2?24610
24
Ni/TiO2 0?363 0?000678 2?99610
27
Table 2 Potentiodynamic polarization and EIS results of Ni
and Ni/AT composite coatings
Sample
icorr/mA
cm22
Rp/kV
cm2 Rs/V cm
2
Qdl–Y0/(F
cm22 ndl
Rct/kV
cm2
Ni 3?608 8?3 1?05 226?1 0?83 7?03
Ni/AT 0?690 56 1?09 33?64 0?93 67?71
Ni/TiO2 0?69 56 1?02 36?00 0?91 63?80
7 Tafel plot for Ni/AT coating electrodeposited at
0.77 A dm–2
8 Equivalent circuit used for Ni and Ni/AT coatings
(Rs – solution resistanceof test electrolyte betweenworking
electrode and reference electrode, Qdl – double layer
capacitance, Rct – charge transfer resistance and
WE – working electrode)
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coating, and the fitted values are displayed in Table 2.
Figure 9 shows the Nyquist impedance plot of Ni/AT
coating. The shape of the impedance spectra describes the
type of electrochemical reactions taking place on the elec-
trode surface. Figure 10 shows the Bode plot of Ni/AT
composite, and it displayed a single broad peak indicating
the large capacitive behaviour of this coating compared to
Ni coating. The coatings exhibited phase angle close to 90u,
which was reflected in higher n value. The higherRct value
for Ni/AT coating indicates that the active area available
for corrosive attack is less in this coating. The capacitance
C is represented by a general diffusion related element Q,
which is defined as a constant phase element accounting for
the deviation from the ideal dielectric behaviour and is
related to surface inhomogenity. From the Table 2, it is
evident that Qdl value is low for Ni/AT compared to Ni,
indicating an improved surface morphology and minimal
surface defects compared to Ni. The observed high values
of Rct and low values of Qdl for Ni/ATcoating imply a
better corrosion protective ability of this coating compared
to plain Ni and Ni/TiO2 coatings. The reason for
improvement of corrosion resistance of Ni–AT can be
explained by twomechanisms24: (i)ATparticles act as inert
physical barrier and they inhibit both start and progress of
corrosion; and (ii) oxides act as cathode, and metal matrix
acts as anode, andsinceparticles havehigher inertpotential
than that of nickel matrix, the localized corrosion is
inhibited and homogeneous corrosion occurs due to the
formation of micro galvanic cells.24
Conclusions
1. In the present study, Al2O3–13 wt-%TiO2 (AT)
particles were reinforced in nickel matrix by
electrodeposition.
2. Ni/AT coating exhibited higher microhardness
compared to plain Ni and Ni/TiO2 coating.
3. Ni/AT coating exhibited higher corrosion resistance
compared to Ni coating. The corrosion resistance
of Ni/AT was similar to that of Ni/TiO2.
4. The coefficient of friction and the wear rate of Ni/
AT were in between Ni/Al2O3 and N/TiO2 coatings,
and thus, the composite exhibited the synergistic
effect of alumina and titania particles.
5. AT powder is a promising candidate material as a
reinforcement phase in metal matrix electro-
composites for increasing the microhardness, wear
and corrosion resistances.
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